We explore the impact of quantum coherence on heat-to-work conversion by a resonantly driven emitter embedded in a waveguide. An engineered bath prepares the emitter in arbitrary superpositions of energy states, acting as a source of energy and coherence. Work is extracted as the coherent fraction of light emitted by the atom in the waveguide, while heat is dissipated through the dipole fluctuations. In the stimulated regime of driving, quantum coherence boosts power extraction. In the spontaneous regime, it allows controlling the engine's yield, acting as a genuinely quantum resource. The device can be implemented with state of the art artificial atoms coupled to superconducting or semiconducting circuits, opening new routes for experimental quantum thermodynamics.
We explore the impact of quantum coherence on heat-to-work conversion by a resonantly driven emitter embedded in a waveguide. An engineered bath prepares the emitter in arbitrary superpositions of energy states, acting as a source of energy and coherence. Work is extracted as the coherent fraction of light emitted by the atom in the waveguide, while heat is dissipated through the dipole fluctuations. In the stimulated regime of driving, quantum coherence boosts power extraction. In the spontaneous regime, it allows controlling the engine's yield, acting as a genuinely quantum resource. The device can be implemented with state of the art artificial atoms coupled to superconducting or semiconducting circuits, opening new routes for experimental quantum thermodynamics.
The essence of a classical heat engine is to convert the energy extracted from heat baths in a disorganized form into some organized, useful and potentially storable energy (work) by exploiting the transformations of a "working substance". At the fundamental level, e.g. if the working substance reduces to a single Brownian particle, the engine works by rectifying the thermal fluctuations induced by the bath, turning noise into a resource [1] .
The burst of quantum technologies has raised the question of possible outperformances of quantum engines with respect to their classical counterparts, that would be related to the presence of quantum coherence in the working substance [2] . A coherently driven quantum emitter fueled by thermal baths is a paradigmatic example of such quantum engine [3] for which coherence induced power boosts have been predicted [4] and experimentally evidenced [5] . Conversely, non-thermal baths have been investigated as new kinds of fuel. A pioneering non-thermal resource was the "phaseonium" [6] , followed by squeezed baths [7] [8] [9] and eventually quantum measurement channels [6, 10, 11, 13, 14] . All devices have revealed clear departures from the classical behavior, e.g. irrelevancy of Carnot bound or cyclic work extraction from a single bath. They have contributed to deeply reshape the concept of heat engine in the quantum regime.
Quantum optics offers a range of tools to design new quantum heat engines and explore how quantum coherence impacts their performances. Firstly, impressive experimental progress now allows the coherent manipulation of single quantum emitters with few photons. This situation of a single atom embedded in a waveguide dubbed "one-dimensional atom" [15, 16] is realized both in superconducting [17, 18] and semiconducting devices [19, 20] , and allows the direct monitoring of work exchanges between the atom and the quasi-classical driving field [21] . Reciprocally thanks to reservoir engineering techniques [22] , arbitrary quantum states can be prepared by nonunitary operations, in particular coherent superpositions of energy states [2, 23] . This ability to shape dissipation provides another kind of bath that can be fruitfully exploited in a quantum thermodynamical framework [25] [26] [27] .
In this Letter, we propose to exploit the advanced toolbox of quantum optics to explore coherence induced quantum signatures in the performances of a new kind of two- An emitter of transition frequency ω0 (the working substance) is coupled to a waveguide. γ stands for the spontaneous emission rate, bin for the mean amplitude of the coherent input drive, γNin for the rate of input photons and bout for the mean amplitude of the output field. Work corresponds to the coherent fraction of the energy radiated by the emitter in the waveguide. The modes of the waveguide thus feature an engineered battery whose load is defined by Nin. Conversely the emitter can be coupled to an engineered bath that prepares the steady state ρ∞. The relaxation time is neglected. (b) and (c) Two-stroke engine if the battery is classical (Nin 1), see text. (b) Evolution of the emitter's state in the Bloch representation. At time t = 0 (First stroke) the emitter is coupled to the engineered bath that prepares ρ∞ of eigenstates |± θ and energy E∞. For t ∈ [0, τ ] (second stroke) the bath is decoupled and the emitter unitarily evolves from ρ∞ to ρ(τ ) of energy E(τ ). An amount of work W = E(τ ) − E∞ is extracted in the battery, that corresponds to the energy Ein provided by the engineered bath. (c) Time evolution of the emitter's energy. Power extraction −Ė is maximized when θ = π/2, which corresponds to maximal coherence injection. stroke quantum engine. The working substance is a single driven quantum emitter embedded in a waveguide, a "onedimensional atom". An engineered bath prepares the emitter in a superposition of energy states, acting as a source of energy and coherence. Work is then extracted as the fraction of coherent light radiated by the emitter in the modes of the waveguide, which acts as an engineered quantum battery. If the battery is loaded with a large number of photons (regime of strong drive), the initial injection of quantum coherence in the emitter by the bath boosts the engine's power. In the opposite regime of vanishing load, quantum coherence allows controlling the fraction of energy coherently emitted into the waveguide, hence the engine's yield. Bath and battery engineering make it possible to unveil new quantum thermodynamical signatures in quantum heat engines. The device can be implemented with state of the art artificial atoms coupled to superconducting or semiconducting circuits.
The setup under study is pictured in Fig. 1a . The working substance is a quantum emitter of excited (resp. ground) state |e (resp. |g ) and transition pulsation ω 0 . It is embedded in a waveguide, i.e. a reservoir of electromagnetic modes that gives rise to the atomic spontaneous emission rate γ. The waveguide is excited with a coherent input field resonant with the emitter. Introducing the input power P in = ω 0 γN in , the Rabi frequency characterizing the emitter-field coupling strength reads Ω = 2γ √ N in . The transition between spontaneous and stimulated regime (Ω ∼ γ) is thus typically reached for a single input photon per lifetime N in ∼ γ −1 , which characterizes the one-dimensional geometry. The total Hamiltonian equals
The input-output formalism provides a quantum description of the field propagating in the waveguide (See Suppl. [28] ). We denote asb in (t) (resp.b out (t)) the lowering operator of the field propagating towards (resp. away from) the emitter in the Heisenberg representation. The mean field amplitudes b in/out (t) = b in/out (t) and powers P in/out (t) =
stands for the emitter's mean energy and the emitter's dipole reads s(t) = Tr[ρ(t)σ]. Eq. (2) evidences that the field radiated by the emitter has a coherent component that contributes to the output field amplitude. In addition, the output power also contains the dipole fluctuations (Eq. (3)). Most quantum engines so far were studied in the stimulated regime Ω γ [3, 5, 6, 21] , in the limit t γ −1 where Eq. (1) reduces to a unitary operation (a classical Rabi oscillation). From a thermodynamical point of view, the emitter's energy changes while its entropy remains constant, which characterizes the exchange of work. Conversely the emitter's dipole does not fluctuate. The emitted field reduces to its coherent component, that coherently adds to the input drive. This invites to treat the electromagnetic mode propagating in the waveguide as a resonant battery that stores the work released by the working substance in the form of a coherent state, the stimulated regime being equivalent to a large initial load (N in 1). Interestingly, the one-dimensional geometry allows driving the emitter in the regime of small N in , i.e. tuning the "load" of the battery to eventually bring it in the quantum regime. Eq. (1) now involves non-unitary energy exchanges ("heat"). In the spirit of the description above, the work rateẆ is identified with the coherent fraction of the emitted powerĖ, while the heat rateQ accounts for the power dissipated by the dipole's fluctuations [5, 21] :
with −Ė(t) =Ẇ (t) +Q(t). P e (t) is the population of the excited level. The work rate (Eq. (4)) now also involves a spontaneous component scaling like γ. Detecting such component requires using one-dimensional atoms where the field radiated by the emitter can be collected with high efficiency, and analyzed by using standard homodyning or heterodyning techniques as experimentally demonstrated in [21] . The coherent fraction of the field in the waveguide provides a new implementation of a resonant quantum battery [2, 27, [30] [31] [32] .
Originally here, the battery not only acts as a work repository, but also drives the system. Therefore the modeling of the work extraction step does not involve any external operator. Such autonomous batteries have been proposed in the dispersive regime of coupling for optomechanical devices [33, 34] . The last ingredient of our engine is the engineered bath (See Fig.1a ) that prepares the emitter in the experimentally controllable steady state ρ ∞ :
p ∈ [0, 1/2], θ ∈ [0, π] with |+ θ = sin(θ/2) |e + cos(θ/2) |g and |− θ = − cos(θ/2) |e + sin(θ/2) |g . Bath engineering has been exploited to prepare arbitrary qubit's states [2, 23] , see Suppl. [28] for a microscopic model inspired from these references. The relaxation time of the emitter coupled to the bath can be made arbitrarily short and we shall neglect it from now on with respect to all other timescales of the problem γ −1 , Ω −1 . Unusually, the state ρ ∞ not only contains
in the emitter's energy basis. Therefore part of E ∞ can be directly extracted by unitary processes (work), which is a major difference with respect to thermal baths. The maximal amount of such extractable work has been dubbed ergotropy [35] and equals in the present case W ∞ = ω 0 (1 − 2p) sin 2 (θ/2) . The ratio W ∞ /E ∞ is pictured in Fig. 2a in the Bloch representation. As it appears in the figure, the thermal states ( σ z ∈ [−1, 0], σ x = σ y = 0) contain no ergotropy, while reciprocally the energy contained by a pure state can be fully extracted as work. The ergotropy contained in ρ ∞ allows running the setup as a two-stroke engine (See Fig. 1b and 1c ), that extracts work cyclically from a single bath [6, 8, 9] . The drive is characterized by a constant input photon rate γN in . During the first quick stroke (t = 0), the emitter is coupled to the bath, preparing the state ρ ∞ as explained above. The coupling strength is assumed strong enough so that the action of the drive can be neglected. During this stroke, the energy E in provided by the bath plays a similar role to heat since it is exchanged during a non-unitary process. During the second stroke (t ∈ [0, τ ]), the bath is switched off and the emitter's state evolves following Eq. (1), such that ρ ∞ → ρ(τ ). An amount of work W = τ 0 dtẆ is extracted in the drive while the heat Q = τ 0 dtQ is dissipated in the waveguide. Energy conservation yields W + Q = E in . A complete thermodynamical analysis of the energy exchanges between the emitter and the engineered bath is beyond the scope of this paper and will be spelled out in a future work [9] .
We first analyze the engine's performances when the battery is classical (N in 1). The work exchanged during one cycle reduces to its stimulated component, W = ω 0 τ 0 dt Ω Re(s(t)e iω0t ). The extracted power P τ = W/τ is plotted in Fig. 2b as a function of the cycle's duration τ and input state coherence s ∞ . P τ increases with s ∞ and decreases with τ . In the limit of infinitely short cycles, we have P τ → P 0 = Ω ω 0 s ∞ . Naturally, P 0 is maximal when s ∞ = 1/2, i.e. for ρ ∞ = + π/2 + π/2 since this state gives rise to the maximal slope of the Rabi oscillation (See Fig. 1c ). This effect is the origin of "coherence induced power boosts" predicted in [4] and [6] and reported for an ensemble of emitters in [5] . Using a one-dimensional atom holds the promise of observing such power boosts in the single emitter regime, which has remained elusive so far.
For such classical battery the engine's yield η cl is usually defined by comparing the extracted work to the resource consumed, i.e. the energy provided by the bath. Thus η cl = |W/E in |, here yielding η cl = 1: All the energy input by the bath is coherently added to the classical field. Note that η cl does not involve any temperature since we have adopted an effective description of the engineered bath, see Suppl. [28] for an example of microscopic description. The present situation strikingly illustrates that yield and reversibility are independent figures of merit when engines are fueled by non-thermal resources [9] , our engine operating at maximal yield even though it involves an irreversible relaxation step. In the Suppl. [28] , the device is analyzed as an autonomous version of the measurement driven engine proposed in [6] , the limit of infinitely short cycles being entropically equivalent to the Zeno regime.
We now study the engine for arbitrary driving strengths. For the sake of clarity we first assume that the bath prepares pure states ρ ∞ = |+ θ + θ |. The work extracted now reads W = τ 0 dt (Ω Re(s(t)e iω0t ) + γ|s(t)| 2 ) and is plotted in the funneling of energy in the coherent driving mode. Maximal work extraction is reached in the classical limit Ω γ, when θ = π (full population inversion). This situation is typical of single emitter lasers and masers [3] . The favorable impact of stimulated emission on work extraction invites to include the energetic cost of loading the battery into the resources used to run the engine, bringing a modified expression of the yield η q :
η q is plotted in Fig. 2d . It vanishes in the limit Ω γ, evidencing that the classical regime is not thermodynamically efficient when the battery's preparation is considered in the balance. Conversely the case where Ω ≤ γ gives rise to the largest yields and non-negligible work extraction, but requires some coherence to be initially injected in the emitter: Quantum coherence thus acts as a genuinely quantum resource, that plays a similar role as stimulated emission.
To single out the effect of quantum coherence on work extraction, we focus on the spontaneous regime (Ω = 0) in the limit τ γ −1 . The bath prepares ρ ∞ = |+ θ + θ |, providing the energy E ∞ to the emitter. A fraction of E ∞ is then released as spontaneous work W = cannot be optimized simultaneously.
These behaviors acquire an intuitive interpretation by invoking the nature of the quantum state of light spontaneously emitted in the waveguide during the process. It reads |ψ out (θ) = cos(θ/2)
The state |ψ out (θ) partially overlaps with the coherent field |β θ of amplitude β θ = ψ out (θ)|b |ψ out (θ) . This coherent field carries the energy ω 0 |β θ | 2 = ω 0 sin 2 (θ)/4, which corresponds to the extracted work. Conversely, the yield quantifies the overlap between |β θ and the emitted quantum field |ψ out (θ) . It reads η q = (1 + cos(θ))/2. We have plotted as insets of Fig. 3 the Husimi Q function of |ψ out (θ) for θ = {0, π/2, π}. It is defined as Q θ (α) = α |ψ out (θ) ψ out (θ)| α /π and characterizes its overlap with a coherent field |α . Q θ (β θ ) and η q vanish for θ = π where β θ = 0. This is consistent with the fact that single photons have no phase. Therefore a single photon source gives rise to no work extraction. Conversely Q θ (β θ ) and η q reach 1 when θ goes to 0. This characterizes that |ψ out (θ) is fully coherent, however the work extracted vanishes in this limit. The case θ = π/2 (maximal coherence) offers an interesting trade-off since it maximizes the work extraction W = ω 0 /4, keeping a finite value of the yield η q = 1/2.
This study unveils why quantum coherence and stimulated emission both contribute to work extraction. In the stimulated regime, the classical phase of the coherent field partially radiated by the dipole is fixed by the classical phase of the drive. In the spontaneous regime, it is fixed by the quantum phase of the initial emitter's state, which requires the initial injection of coherence. To investigate further the interplay between the battery's load and the coherence injected by the bath, we have considered the following scenario. At t = 0 the emitter is prepared in the state ρ ∞ = (1 − p) |+ +| + p |− −| where |± = ± π/2 . It is then coupled to a coherent pulsed field giving rise to the Rabi frequency Ω(t). The pulse contains a fixed mean number of photons
Work and heat are collected until the emitter has fully relaxed, i.e. during a time τ γ −1 . W and η q = |W |/(E ∞ + ω 0 N in ) are plotted in Fig. 4a and b as functions of N in and s ∞ in the case of a rectangular pulse of duration γ −1 , for N in ≤ 1. Both plots evidence that the energy initially contained in the battery and the quantum coherence injected in the emitter act as complementary resources potentially enhancing the engine's performances. While maximal coherence maximizes both figures of merit, the work extraction (resp. the yield) is maximal with N in ∼ 1 (resp. N in ∼ 1/10). We have then fixed N in = 1/10 and studied the impact of the shape of the pulse on the performance (Fig. 4c ). The yield is optimized for a decaying exponential of typical duration τ p ≤ γ −1 (See Suppl. [28] ). This effect was already observed in the context of optimal irreversible stimulated emission [37] and corresponds to the optimal mode matching between the drive and the emitter. The search for mode matching here finds a new application in the field of quantum thermodynamics. The temporal evolution of the work and coherence for a rectangular pulse and a decaying exponential are represented in Fig. 4d . These plots evidence that in addition to having a larger yield, the exponentially decaying pulse allows a faster work extraction.
We have evidenced that exploiting advanced tools of quantum optics like engineered baths and batteries opens a new regime for the study of quantum engines, where stimulated emission and quantum coherence behave as complementary resources. The thermodynamical figures of merit we propose can be used to analyze most experimental achievements in solid state quantum optics, that aim at generating coherent states of light using quantum emitters in waveguides. Our findings provide a new illustration of the striking complementarity between quantum optics and quantum thermodynamics.
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Supplemental material: A coherent quantum engine based on bath and battery engineering I. INPUT-OUTPUT FORMALISM
In the main text we consider the situation of a quantum emitter of ground and excited states denoted |g and |e and of transition frequency ω 0 . This emitter interacts with a one-dimensional reservoir of electromagnetic modes indexed by their frequency ω and characterized by the normalized density of modes ρ(ω). Denoting asb ω the corresponding lowering operators, the total Hamiltonian reads
where σ z = |e e| − |g g| and σ = |g e|. Solving the evolution of the system in the Heisenberg picture and tracing over the field shows that the emitter's observables undergo a damping characterized by the rate γ = πg 2 (ω 0 )ρ(ω 0 )/2. We have made the assumption that the modes of the waveguide constitute a bona fide reservoir, namely that the width ∆ω of the function ρ(ω)g(ω) obeys ∆ω γ. We define the input (resp. the output) operatorb in
The mean value of the input and output operators is expressed in units of the square root of a photon rate. Defining the dimensionless modeB =b in / √ γ allows introducing the input field state |β in = DB(β in ) |0 where Dâ(α) = e α * â −αâ † is the displacement operator in the modeâ by the amount α and |0 is the vacuum state. The number of injected photons reads N in = B †B , while the rate of photons impinging on the emitter is b † inb in = γN in . Conversely, the operator accounting for the rate of propagating photons in the output field isb † out (t)b out (t) and verifieŝ
). In the following, we choose the phase of the input drive so that b in (t) = √ γN in e −iω0t where γN in is the rate of incoming photons. P e denotes the population of the emitter's excited state and the input and output powers read P in/out (t) = ω 0 b † in/out (t)b in/out (t) . The Rabi frequency is defined as Ω = 2 √ γ|b in | and we recover the usual Hamiltonian for a driven emitterH(t) = ω0 2 (σ z + 1) + i Ω/2(σe iω0t − σ † e −iω0t ). Finally, the mean energy of the emitter is E(t) = Tr[ρ(t)H(t)] = ω 0 P e (t) − Ω Im(s(t)e iω0t ) and the evolution of the population and coherence is given byṖ
Therefore, Im(s(t)e iω0t ) = Im(s(0))e −γt/2 . Since the initial state is such that s(0) is real (See Eq. (6) from main text), we have Im(s(t)e iω0t ) = 0 at any time and E(t) = Tr[ρ(t)H(t)] = ω 0 P e (t). Finally,Ė(t) = ω 0Ṗe (t) and P out (t) = P in (t) −Ė(t) (Eq. (3) from the main text).
II. MODELING THE ENGINEERED BATH
We hereby present a strategy to engineer dissipation inspired from the circuit QED experiment reported in [2] . The emitter is driven by a strong quasi resonant pump and coupled to a reservoir of modes whose density is structured, e.g. by using cavities or filters. Firstly, we derive the master equation ruling the emitter's dynamics. We then explain how reservoir engineering allows us to prepare arbitrary states on arbitrary timescales.
A. Derivation of the master equation for the driven emitter
The emitter is coupled both to a quasi-resonant pump at frequency ω P and whose amplitude produces the Rabi frequency Ω R and to a reservoir of electromagnetic modes at temperature T . Note that this pump is much stronger than the drive we used as a battery in the main text. The evolution of the total system is governed by the Hamiltonian H = H e (t) + H R + V where H e (t) = ω0 2 (σ z + 1) − ΩR 2 (e iωPt σ − + e −iωPt σ + ) is the emitter's Hamiltonian, H R = k ω k a † k a k is the reservoir's Hamiltonian and V = l=± R l σ l is the coupling Hamiltonian in the rotating wave approximation, with R + = k g k a k and R − = R † + . For notation convenience, unlike in the main text, we have denoted σ − = |g e| and σ + = |e g|. a k is the annihilation operator of the k-th mode of the reservoir and ω k its frequency. g k is the coupling strength between the k-th mode and the emitter. In the frame rotating at the frequency ω P , the Hamiltonian becomesH =H e + H R +Ṽ (t) wherẽ H e = ∆ 2 (σ z + 1) − ΩR 2 σ x , with ∆ = ω 0 − ω P the pump detuning, andṼ (t) = l=± R l σ l e ilωPt .H e can be rewritten in the formH e = ΩP 2 Σ θ z + ∆ 2 where Ω P = Ω 2 R + ∆ 2 is the generalized Rabi frequency and Σ θ z = |− θ − θ | − |+ θ + θ |. |+ θ = sin θ 2 |e + cos θ 2 |g and |− θ = − cos θ 2 |e + sin θ 2 |g are the two eigenstates ofH e and θ = arctan(Ω R /∆) (See Fig 1b from main text) .
Following [3, 4] and applying the Born-Markov approximation, in the interaction picture, the precursor of the emitter's master equation reads
where ∆ρ I (t) = ρ I (t + ∆t) − ρ I (t).
The exponent I denotes the interaction picture such thatṼ I (t) = e i (He+HR)tṼ (t)e − i (He+HR)t . The trace over the reservoir gives terms of the form
Then we use the decomposition σ I l (t) = ω=0,±ΩPσ l (ω)e −iωt , with l = ± and
where δ l− is the Kronecker delta. We have defined Γ(ω) = k g 2 k δ(ω − ω k ) andn(ω) = e ω/kBT − 1 −1 the mean number of thermal photons at the frequency ω. Using the secular approximation and neglecting the terms evolving in ω − ω = 0 yields the master equation in the Lindblad formρ
L 0 corresponds to the pure-dephasing in the dressed basis, with the rates
γ 0↓ = sin 2 (θ) 4 Γ(ω P )(n(ω P ) + 1).
(S14) L 1 and L 2 correspond to thermal relaxation with respective rates γ 1↑ = cos 4 θ 2 Γ(ω P + Ω P )(n(ω P + Ω P ) + 1), (S15) γ 1↓ = cos 4 θ 2 Γ(ω P + Ω P )n(ω P + Ω P ), (S16)
Eq. (S12) can be interpreted in the radiative cascade picture (See [5] and Fig. 1a ). Modeling the pump as a coherent field √N with a large number of photonsN 1, the eigenstates of the atom-pump system read |+ θ (N ) = sin θ 2 |e, N − 1 + cos θ 2 |g, N and |− θ (N ) = − cos θ 2 |e, N − 1 + sin θ 2 |g, N , forming the Jaynes-Cummings ladder. The transition of |− θ → |+ θ (resp. |+ θ → |− θ ) consists of an ensemble of transitions |− θ (N ) → |+ θ (N − 1) (resp. |+ θ (N ) → |− θ (N − 1) ) characterized by the jump operator Σ θ + the spontaneous emission of a blue-shifted photon of frequency ω P + Ω P (resp. a red-shifted photon of frequency ω P − Ω P ). Pure dephasing is induced by the transitions |± θ (N ) → |± θ (N − 1) and signaled by photons emitted at the pump frequency. All emitted photons build a spectrum forming the Mollow triplet (See Fig. 1b) . S1. (a) Jaynes-Cummings ladder in the classical limit of a resonant coherent field such that the average photon number is very large. (b) Emission spectrum of the emitter where the position of the cavity used to enhance the transition rate Γ(ωP + ΩP) is indicated by a gray dashed line.
B. Tuning the bath parameters
In the main text we focused on the case of a zero temperature reservoir characterized byn(ω) = 0 for any ω. Thus, the master equation (S12) becomes, in the Schrödinger picture,
The equilibrium state corresponding to this equation is
.
(S20)
It is therefore possible to tune p by changing the transitions rates Γ(ω P ± Ω P ). One possibility is to use the Purcell effect by putting a narrow cavity resonant with the ω P + Ω P transition (See Fig. S1b ). Another option is to engineer the density of modes in the environment, for instance with a photonic crystal [2] . Furthermore, the angle θ fixing the relaxation basis of the engineered bath can be tuned by playing on the pump detuning.
This engineering of modes also allows greatly enhancing the relaxation time of the emitter in the bath, which is given by the fastest transition rate Γ(ω P ± Ω P ). This justifies why we have neglected the relaxation time in the main text. Finally, we stress that the bath engineering strategy presented here is compatible with the properties of the one-dimensional atom presented in the main text, which solely requires the reservoir of modes to be flat around the emitter's transition frequency.
III. ENGINE'S CYCLE ANALYSIS
In this section, we study in details the cycle of the engine proposed in the main text, called EBE (engineered bath powered engine) in the following, in the regime of classical driving (γ Ω). We first analyze the EBE as an autonomous version of the measurement powered engine (MPE) proposed in [6] . We then focus on the entropy production over one cycle.
A. Comparison with a measurement powered engine
The MPE from [6] is a four-stroke engine (See Fig. S2b) whereas the EBE is a two-stroke engine (See Fig. S2a ) that does not require a state dependent feedback to close the cycle. Nevertheless, both engines are very similar. In order to make a full analogy, we generalized the MPE to the case where the demon's memory, modeled by a two-level system of energy eigenstates |0 and |1 , is not prepared in a perfectly pure state but in the thermal mixture ρ D ∞ = p D |1 1| + (1 − p D ) |0 0|. p D is the equilibrium population of the excited state for a temperature T D . The states and operators relating to the emitter (resp. demon) are denoted by the label S (resp. D).
FIG. S2. Cycles of (a) the engine proposed in the main text and of (b) the measurement powered engine from [6] . See Table I for For the MPE, {|+ θ , |− θ } is the measurement basis while for the EBE, it is the basis imposed by the engineered bath. The first stroke of the EBE (relaxation of the emitter in contact with the engineered bath) is equivalent to the three first strokes (measurement, feedback and erasure) of the MPE. For both engines, the work extraction is performed during the last stroke by driving the emitter during a time τ . The temperature of the demon's memory corresponds to the effective temperature of the engineered bath, which can be defined from the equilibrium populations of the states |± θ .
The analogy between the two engines, detailed in Table I , is even stronger when decomposing the relaxation step of the EBE into a decoherence step and a thermalization step. This decomposition is motivated by the expression of entropy production which can be split into a decoherence term and a thermalization term, as shown below.
B. Entropy production
We generalize the expression of the entropy production in the thermal case [7] to the case where the emitter relaxes in contact with the engineered bath
where D[ρ(τ ) ρ ∞ ] ≡ Tr(ρ(τ ) log(ρ(τ )) − ρ(τ ) log(ρ ∞ )) is the relative entropy. In the thermal case, the entropy production can be split into a decoherence part and a thermalization part. Based on this decomposition, we will first show that a thermal relaxation is equivalent to the concatenation of a decoherence map and a thermalization map. Then, by analogy with the thermal case, we will use the same decomposition to compute the entropy production during the relaxation of the emitter in contact with the engineered bath.
Engineered bath powered engine (EBE) Measurement powered engine (MPE)
The emitter, initially in state ρ(τ ) = p |ψ− ψ−|+(1−p) |ψ+ ψ+|, loses its coherences in the {|+ θ , |− θ } basis:
The emitter, initially in state ρ S τ = pD |ψ− ψ−|+(1−pD) |ψ+ ψ+|, is measured in the {|+ θ , |− θ } basis and correlated to the demon's memory via a controlled-NOT operation:
The populations of states |± θ ± θ | go to their equilibrium values. The transformation 1 S ⊗ |1 1| + U S π ⊗ |0 0| is applied, where 1 S is the identity and U S π is a π-pulse. Therefore,
and
The demon's memory is put in contact with a bath at temperature TD for long enough to thermalize. Table I. Step by step analogy between the EBE and MPE. We have used the notations |ψ± = U (τ ) |± θ where U is the evolution operator of the driven emitter.
Effective map for thermal relaxation
In this part, we consider an emitter coupled to a thermal bath at finite temperature. The emitter is initially prepared in the state ρ 0 = p 0 |ψ ψ| + (1 − p 0 ) ψ ψ where |ψ = α |e + β |g and ψ = −β * |e + α * |g . α and β are two complex numbers such that |α| 2 + |β| 2 = 1 and p 0 ∈ [0, 1]. The emitter is put in contact with the thermal bath and relaxes toward the equilibrium state ρ eq = p eq |e e| + (1 − p eq ) |g g|. We assume that the duration t f of the transformation is long enough (t f γ −1 ) for the emitter to reach the equilibrium state. The average entropy production during this relaxation is thus given by S irr = D[ρ 0 ρ eq ] [7], which can be split in a decoherence part and a thermalization part S irr = S d irr + S th irr . These two parts respectively read S d irr = D[ρ 0 ρ d ] and S th irr = D[ρ d ρ eq ], where ρ d = e|ρ 0 |e |e e| + g|ρ 0 |g |g g|.
We want to show that this relaxation can be effectively described by the concatenation of a decoherence map L d and a thermalization map L th . The decoherence and thermalization maps are respectively defined by L d [ρ] = |g g| ρ |g g| + |e e| ρ |e e| and L th [ρ] = i,j=e,g M ij ρM † ij with M ij = i|ρ eq |i |i j|. We will use the definition of entropy production at the single trajectory level, s irr [ γ] = log P [ γ]/P [ γ] [8] , to prove that L th • L d gives the same average entropy production S irr . P [ γ] (resp. P [ γ]) is the probability that the emitter follows the trajectory γ (resp. γ) during the direct (resp. reversed) protocol. The trajectories γ = (γ 0 , γ 1 , γ 2 ), where γ 0 ∈ {|ψ , ψ } and γ 1 , γ 2 ∈ {|g , |e }, are obtained by performing a quantum jump unraveling of the map concatenation. The direct protocol consists in projecting the initial state ρ 0 in the {|ψ , ψ } basis, then applying the maps L d and L th successively and finally projecting in the {|g , |e } basis. The reverse protocol consists in applying the same operations in the reverse order with the emitter initially in ρ eq . The average entropy production thus reads
Therefore this effective decomposition of the relaxation can be used to compute the average entropy production.
Entropy production over one engine's cycle
During the first stroke of the engine's cycle, the emitter is put in contact with an engineered bath. Since {|+ θ , |− θ } is the energy eigenbasis of the emitter in contact with the engineered bath (See Section ), by analogy with the thermal bath case discussed above, the transformation can be split into a decoherence step and a thermalization step (See Fig. S3c ), but in the basis {|+ θ , |− θ } instead of {|g , |e }. These steps correspond respectively to the maps L d and L th , with L d [ρ] =
Reading the probabilities P [ γ] (resp.P [ γ]) of the direct (resp. reversed) trajectories in Fig. S3a (resp. Fig. S3b) , we obtain the average entropy production
which can be rewritten as the relative entropy Since we consider the case where γ −1 τ , the second stroke is reversible and the entropy production over one cycle is S irr = D[ρ(τ ) ρ ∞ ]. Like previously, we have S irr = S d irr + S th irr where S d irr = D[ρ(τ ) ρ d (τ )] is the decoherence contribution, with ρ d (τ ) = + θ |ρ(τ )|+ θ |+ θ + θ | + − θ |ρ(τ )|− θ |− θ − θ |, and S th irr = D[ρ d (τ ) ρ ∞ ] is the thermalization contribution. The entropy production is plotted as a function of the cycle duration τ for different values of p in Fig. S3d . As expected, there is no entropy production when p = 0.5 because ρ ∞ is in the center of the Bloch sphere and therefore the emitter's state does not evolve during the second stroke. On the contrary, the entropy diverges when p goes to 0 with τ > 0 because the emitter is in a pure state. This behavior is analogous to what would be obtained for a thermal relaxation in a thermal bath at zero temperature.
The entropic study presented above invites to draw an analogy between the energy E in provided by the bath and the quantum heat introduced in [6] , defined as the energy fluctuations induced by the measurement channel. It can indeed be shown that E in is provided to the emitter during the decoherence step, i.e. the measurement performed by the bath on the system. A complete thermodynamical analysis of the energy exchanges between the emitter and the engineered bath will be spelled out in a future work [9] . We consider a single cycle of duration τ γ −1 during which a fixed number of photons N in is injected in the emitter with a pulse of Rabi frequency Ω(t). We want to find the pulse shape that maximizes the yield η q , which is equivalent to maximizing the extracted work W since the number of photons is fixed. This is an optimal control problem where the quantity to maximize is W = τ 0 dt(Ω(t) Re(s(t)e iω0t ) + γ|s(t)| 2 ) and the constraints are 
IV. OPTIMIZATION OF THE PULSE SHAPE
We solved this problem numerically using Bocop [10] . The shape obtained for Ω(t) is plotted Fig. S4 and can be superposed on a decaying exponential of optimal characteristic time τ p (for N in = 0.1, p = 0 and γ = 1 GHz, γτ p 0.41).
